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Abstract: Wetlands are abundant throughout the prairie pothole region (PPR), an area comprising over
700,000 km2 in central North America. Prairie wetland communities are strongly influenced by regional
physiography and climate, resulting in extreme spatial and temporal variability relative to other aquatic
ecosystems. Given the strong influence of abiotic factors, PPR wetland communities have been viewed
traditionally in the context of their responses to chemical and physical features of landscape and climate.
Although useful, this physical-chemical paradigm may fail to account for ecosystem variability due to biotic
influences, particularly those associated with presence of fish. Spatial and temporal variability in fish pop-
ulations, in turn, may reflect anthropogenic activities, landscape characteristics, and climate-mediated effects
on water levels, surface connectivity, and hydroperiods. We reviewed studies assessing influences of fish on
prairie wetlands and examined precipitation patterns and biological data from PPR wetlands in east-central
North Dakota and western Minnesota, USA. Our review and analysis indicated that native fish influence
many characteristics of permanently flooded prairie wetlands, including water clarity and abundance of
phytoplankton, submerged macrophytes, and aquatic invertebrates. We suggest that ecologists and managers
will benefit from conceptual paradigms that better meld biotic interactions associated with fish, and perhaps
other organisms, with chemical and physical influences on prairie wetland communities.
Key Words: prairie wetlands, biotic interactions, abiotic influences, aquatic invertebrates, fathead minnows,
predation, community structure
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INTRODUCTION
The prairie pothole region (PPR) of North America
comprises an area of more than 700,000 km2 through-
out the central United States and Canada (Luoma
1985, Kantrud et al. 1989a). Across this region, in-
teractions among glacial history, geology, and climate
resulted in moraines and outwash plains dotted with
vast numbers of water-filled depressions known as
prairie wetlands or potholes (Kantrud et al. 1989a,
Winter 1989). These wetlands vary widely in physical
and chemical features, largely due to local topogra-
phy, interactions with ground water, and annual pre-
cipitation. Precipitation is the predominant water
source for prairie wetlands due to low permeability
of underlying glacial till, and evapotranspiration con-
tributes most to annual water loss (Winter and Ro-
senberry 1998).
The PPR is influenced by a variety of air masses
due to its central location within the North American
continent (LaBaugh et al. 1996, 1998, Winter and Ro-
senberry 1998). Climatic extremes are typical, and
temperatures range from 408C during summer to
2408C in winter. Dry, polar air often predominates
during winter; a summer influence of warm, dry air
masses from continental desert regions is intermittent,
yet important. Interactions among these air masses
contribute to a highly variable balance between pre-
cipitation and evapotranspiration and are largely re-
sponsible for regulating regional water availability.
Annual precipitation:evapotranspiration (P:E) ratios
across the region typically are ,1.0 (Winter 1989,
Winter and Rosenberry 1998). However, P:E ratios
increase along west-to-east and north-to-south gradi-
ents (Winter 1989, Winter and Rosenberry 1998, Eu-
liss et al. 1999), and annual ratios may approach 1.0
near the eastern margin of the PPR (MDNR 2001).
Regional precipitation extremes influence not only
spatial and temporal variation in wetland hydroper-
iods and depths (Johnson et al. 2004), but also induce
chemical and physical variability among basins (Eu-
liss et al. 2004).
Prairie wetlands support diverse communities of hy-
drophytes, mammals, amphibians, birds, and aquatic
invertebrates adapted to these harsh but productive en-
vironments (Kantrud et al. 1989a,b, Swanson and
Duebbert 1989, Euliss et al. 1999). These wetland
communities are strongly influenced by abiotic fea-
tures (Kantrud et al. 1989a,b, Murkin 1989, Euliss et
al. 1999) and, not surprisingly, are usually interpreted
as localized responses to climate, geology, and inter-
actions with ground water (Winter 1989, Euliss et al.
1999). Evidence is strong for the importance of abiotic
constraints on characteristics and communities of PPR
wetlands, and the wetland continuum concept sug-
gested by Euliss et al. (2004) is largely based on these
relationships.
Research to clarify ecosystem-level influences of
species interactions in prairie wetlands has lagged be-
hind efforts in other aquatic ecosystems, in part be-
cause abiotic constraints often have such obvious con-
sequences for wetland communities. However, func-
tional roles of planktivorous and piscivorous fishes in
prairie wetlands recently have been assessed, and
where fish occur, they exert strong influences (Hanson
and Riggs 1995, Zimmer et al. 2000, 2001a, 2002,
2003b, Herwig et al. 2004) similar to those reported
for fishes in other shallow ecosystems (Hr´ba´cˇek 1961,
Hanson and Butler 1994, Jeppesen et al. 1997, Schef-
fer 1998, and many others). Wellborn et al. (1996)
suggested that interplay between biotic and abiotic in-
fluences constrain aquatic communities in a predict-
able manner along gradients of habitat permanence.
However, relative comparisons of biotic and abiotic
factors as constraints on characteristics of prairie wet-
lands are notably absent from the literature. Such as-
sessments are needed for better understanding of roles
of species interactions in structuring wetland commu-
nities, to account for observed spatial and temporal
variability, and to refine wetland management strate-
gies.
It seems likely that influences of species interactions
will vary in predictable ways across gradients of wet-
land characteristics and climate. For example, presence
of fish in surface waters is a probability function in-
fluenced by likelihood of colonization and extinction,
events linked to surface connectivity and climatic var-
iability (Tonn and Magnuson 1982, Rahel 1984, Mag-
nuson et al. 1998). Because precipitation extremes
throughout the PPR induce fluctuations in wetland
depth, hydroperiod characteristics, and surface con-
nectivity (Leibowitz and Vining 2002, Johnson et al.
2004), moisture dynamics have potential to modify
distribution and ecological influences of fish, thus af-
fecting magnitude of biotic constraints on wetland
communities.
We assessed relative magnitude of selected biotic
and abiotic influences on several features of semiper-
manent prairie wetlands. Using direct gradient anal-
ysis, we compared performance of several simple
models to contrast influences of fish presence/absence
(as a proxy for species interactions) and specific con-
ductance (as a proxy for abiotic constraints) on in-
vertebrate communities and water-quality features.
We also reviewed long-term precipitation dynamics
along the eastern margins of the PPR to illustrate how
moisture patterns here may induce variation in the
strength of biotic interactions among wetlands and
over time.
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Figure 1. Approximate location of the study wetlands in
Minnesota and North Dakota, USA and their location within
the Prairie Pothole Region (grey area above).
METHODS
Assessing Biotic and Abiotic Influences at a
Regional Scale: Community Analyses
Field Methods. We used data from two field studies
of semi-permanent (North Dakota sites) and permanent
(Minnesota sites) prairie wetlands (following classifi-
cation of Stewart and Kantrud 1971) to assess relative
importance of fish presence/absence and specific con-
ductance on aquatic invertebrates and water quality.
We used specific conductance as a proxy measure to
reflect sources of abiotic variability among our study
sites. This is possible because concentrations of chem-
ical constituents strongly reflect influences of ground
water, topography, and thus landscape setting in north-
ern prairie wetlands (Winter and Woo 1990). In the
PPR, surface-water chemistry integrates influences of
local ground water, geology, topography, and annual
P:E ratios. Low ionic concentrations reflect influences
of surface-water discharge to underlying ground water,
along with loss of dissolved constituents. Alternative-
ly, wetlands with a predominant flux of water from
ground water into the wetland basin accumulate dis-
solved constituents, and this is accentuated by evapo-
ration of surface water. Relationships among ionic
concentrations in prairie wetlands, interactions with
ground water and local geology, and other landscape
features are well-known, highly predictable, and sup-
port our generalized application here (Arndt and Rich-
ardson 1988, Swanson et al. 1988, Richardson and
Arndt 1989, Winter and Woo 1990, LaBaugh et al.
1998).
In our first study, data on catch per unit effort of
wetland fish, abundance of zooplankton and macroin-
vertebrates, turbidity, phytoplankton abundance (chlo-
rophyll a), specific conductance, and concentrations of
total phosphorus and nitrogen in the water column
were gathered during 1998–1999 from 19 wetlands
along the eastern margin of the PPR in west-central
Minnesota (MN sites). In a second study, similar data
were collected during 2000 from 23 wetlands in east-
central North Dakota (ND sites) (Figure 1). The MN
and ND sites were distributed across an area of ap-
proximately 3,751 km2 and 23,400 km2, respectively.
Most MN sites were located on Waterfowl Production
Areas owned and managed by the U.S. Fish and Wild-
life Service and were adjacent to uplands vegetated
largely by grasses. ND sites were located on private
land and were adjacent to uplands with more variable
vegetation cover types ranging from agricultural crops
to native grasses.
Sampling was done each year during May–August,
and samples were gathered along random transects
within each study wetland. At MN sites, fish abun-
dance was assessed using modified Gee-type minnow
traps during May, July, and August each year. Fish
were collected using tube-shaped traps (after Hubert
1983) during June and August in ND sites. During
each sampling at MN sites, we recorded biomass of
all fish captured in five traps. We subsequently cal-
culated seasonal means for each wetland based on data
gathered during the three sampling efforts. At ND
sites, fish abundance was estimated by volume, and
species were calculated as % of total catch. Fathead
minnows (Pimephales promelas Rafinesque) were the
predominant fish species in all study wetlands, al-
though brook sticklebacks (Culea inconstans Kirk-
land), central mudminnows (Umbra limi Kirtland), and
other species were captured occasionally. Because
these other species generally contributed ,1.0% of the
total fish biomass in our study sites, we attribute all
significant fish effects to fathead minnows. Although
we recorded relative abundance of fish in our study
sites, we treated fish as a categorical variable (present/
absent) in our analyses. Nine of the 19 MN sites and
17 of the 23 ND sites were fishless during our study.
We sampled aquatic invertebrates in the MN sites
six times per year (1998–1999), every third week from
May through August. Invertebrates in the ND sites
were sampled in mid-June, mid-July, and mid-August
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2000. In all sites, macroinvertebrates were sampled
along random transects using activity traps (ATs) after
designs of Murkin et al. (1983). Ten AT samples were
collected from each wetland on each sampling date,
and samples were condensed by passage through a
330-mm concentrating funnel. Zooplankton were sam-
pled concurrently with AT samples in the MN sites
using a vertical-column sampler described by Swanson
(1978). Five column samples were taken from each
wetland on each date and were concentrated using a
68-mm-mesh funnel. Column samples were not col-
lected from the ND sites; thus, the final data sets from
MN sites consisted of both macroinvertebrates (AT
samples) and zooplankton (column samples), while the
ND data included macroinvertebrates only. All inver-
tebrate samples were preserved in 70% ethanol. In the
lab, invertebrates were identified using keys by Pennak
(1989) and Merritt and Cummins (1996). Taxonomic
resolution varied between samples collected from MN
and ND sites, but identification was made to order,
suborder, family, or genus. Number of invertebrates in
each taxon was totaled for each wetland on each sam-
pling date based on ten AT and five column samples
in the MN sites and the ten AT samples in the ND
sites. Seasonal means for each taxon were calculated
from the six sampling dates in MN sites and used for
analyses. Mean values for each sampling date were
used in analyses of data from the ND sites.
Water samples were taken from the center of each
wetland on the same dates we sampled aquatic inver-
tebrates in all sites and were analyzed for total phos-
phorus, total nitrogen, and chlorophyll a. Samples
from MN and ND sites were analyzed by the Minne-
sota Department of Agriculture Chemistry Laboratory
and the North Dakota Department of Health Labora-
tory, respectively, according to APHA (1992). Turbid-
ity and specific conductance were measured in the field
concurrently with collection of water samples using a
LaMotte portable nephelometer (model 2020) and a
YSI specific conductance meter (model 58).
Statistical Analyses of Field Data. Data from MN
and ND sites were analyzed separately due to differ-
ences in study designs and data collection protocols.
We used redundancy analysis (RDA), the linear form
of direct gradient analysis (ter Braak 1995, Van Wi-
jngaarden et al. 1995), to assess influences of fish pres-
ence/absence and specific conductance on aquatic in-
vertebrate communities and water quality characteris-
tics of our study wetlands. We chose RDA because
preliminary ordinations with detrended correspon-
dence analysis showed that gradient lengths were all
,2.0 standard deviations (indicating a linear response
model was appropriate, Van Wijngaarden et al. 1995)
and because we focused on relationships between
community structure and environmental variables
(McCune and Grace 2002). Our environmental data
consisted of presence/absence of fish (a categorical
variable) and specific conductance (a continuous var-
iable). Similar to multiple regression, categorical and
continuous predictor (environmental) variables may be
used simultaneously in RDA (ter Braak 1995). For
both MN and ND water-quality data sets, dependent
variables consisted of total phosphorus, total nitrogen,
chlorophyll a, molar ratios of total nitrogen:total phos-
phorus, and turbidity. Invertebrate data sets consisted
of numbers of organisms in 31 and 49 taxa in samples
from the MN and ND sites, respectively. For MN sites,
seasonal means of water-quality variables, abundance
counts of each taxon, and specific conductance of each
wetland were used in statistical analysis. In ND sites,
we used values of each of these same variables, except
that we averaged data for each of the three sampling
dates prior to analysis. Thus, time was treated as a
two-level covariable in the MN data (years, 1998–
1999) and a three-level covariable in the ND data
(months, June–August). All invertebrate and water-
quality data were ln(n 1 1)-transformed prior to anal-
ysis to equalize variance among the response variables
(ter Braak 1995, Van Wijngaarden et al. 1995).
We used variance partitioning to assess the relative
importance of specific conductance and fish presence/
absence on the invertebrate communities and water-
quality characteristics of both MN and ND sites. This
was done using partial RDA (pRDA, ter Braak and
Wiertz 1994), where either presence/absence of fish or
specific conductance was treated as an explanatory
variable, while the alternative variable and time were
treated as covariables. This allowed us to evaluate the
‘‘pure’’ effect of each variable and to assess the sta-
tistical significance of variance contributed by each us-
ing Monte Carlo tests (based on 1,000 permutations).
To evaluate further the variance explained, we also
modeled (pRDA) the same responses using both fish
and specific conductance as explanatory variables with
time as a covariable. Because three significance tests
were applied to each data set, we used a sequential
Bonferroni correction to maintain an experiment-wise
error rate of P , 0.05 (Rice 1990). We show results
of pRDA with presence/absence of fish and specific
conductance as explanatory variables and time as a
covariable. All analyses on the field data were per-
formed using CANOCO 4.0 (ter Braak and Smilauer
1998).
Analysis of Regional Moisture Patterns
We assessed temporal trends in water availability
along the eastern extent of the PPR using cluster anal-
ysis based on four historical measures; the Palmer
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Figure 2. Percent variance explained in the invertebrate
data (panel A) and water-quality data (panel B) by three
partial redundancy analysis models. Model parameters were
as follows: fish presence/absence as main effect (time, spe-
cific conductance as covariables); specific conductance as
main effect (time, fish presence/absence as covariables); fish
and specific conductance as main effects (time as covaria-
ble).
Drought Severity Index (Palmer 1965), regional pre-
cipitation totals, localized precipitation totals, and an-
nual peak discharge of the Red River. Regional-scale
annual precipitation totals and Palmer Drought Sever-
ity Index values (PDSI) from western Minnesota dur-
ing 1895–2000 were obtained from the National Cli-
matic Data Center (NCDC; Minnesota Division I,
Asheville, North Carolina and the Minnesota Depart-
ment of Natural Resources [MDNR], Division of Wa-
ters, St. Paul, Minnesota). PDSI integrates precipita-
tion, evapotransporation, and soil-moisture character-
istics; thus, it better reflects moisture conditions at the
landscape surface than do annual precipitation sum-
maries alone. To supplement regional precipitation
data, we used annual precipitation totals (1950–2000)
from a site near Fergus Falls, Minnesota, an area cen-
trally located within Minnesota’s PPR and recognized
for its high concentration of prairie wetlands (MDNR,
Division of Waters, St. Paul, Minnesota). We also ex-
amined annual peak-discharge data (1882, 1897,
1899–2000) from the Red River at Fargo, North Da-
kota (U.S. Geological Survey, Historical Streamflow
database). The Red River is a major regional water-
course draining an area of approximately 10,944 km2
along the eastern portion of the PPR.
Clusters were established using a data matrix com-
prised of four moisture indicators, including regional
annual precipitation totals and mean annual PDSI, an-
nual precipitation totals from Fergus Falls, and annual
peak discharge of the Red River. We restricted this
statistical analysis to the period of 1950–2000 because
continuous data for all four moisture characteristics
were available only from 1950–present. All data were
relativized by the maximum prior to analysis to control
for different measurement scales. Our analysis was
performed using Euclidean distance and the flexible-
beta group linkage method (beta 5 20.25; Ludwig and
Reynolds 1988). We tested statistical significance of
combinations of years using multiple response per-
mutation procedures (MRPP) (Biondini et al. 1988).
Because P-values associated with MRPP tests are
based on data-dependent permutation procedures, sig-
nificance tests have no requirements for underlying
data distributions. Cluster analyses were performed us-
ing PC-ORD (McCune and Medford 1999). Precipi-




Independent analyses using data from MN and ND
sites indicated that presence/absence of fathead min-
nows (fish) was associated with significant variance in
wetland characteristics. For MN sites, our pRDA mod-
el using both fish and specific conductance as explan-
atory variables and time as a covariable (full models)
explained the most variance (28.7%) in the structure
of aquatic invertebrate communities (P 5 0.003). Re-
duced invertebrate models indicated that fish alone (P
5 0.003) explained approximately 46 times more var-
iance in invertebrate communities than conductivity
alone, and the latter model was not significant (P 5
0.990, Figure 2A). Thus, most of the variance account-
ed for by our full model was associated with fish. Sim-
ilar, but weaker, trends were obtained from modeling
ND invertebrate data. Our full invertebrate model for
ND sites explained 12.0% of the variance in these
communities (P 5 0.003). Reduced ND models
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Figure 3. Partial redundancy analysis triplot for the inver-
tebrate data from MN sites based on fish (presence/absence)
and specific conductance as explanatory variables and time
as a covariable. Species vectors and the specific conductance
vector point in the direction of increasing values among
sites. Axis 1 and 2 explained 28.1% and 0.6% of the vari-
ance in invertebrate communities, respectively.
Figure 4. Partial redundancy analysis triplot for inverte-
brate data from ND sites based on fish (presence/absence)
and specific conductance as explanatory variables and time
as a covariable. Species vectors and the specific conductance
vector point in the direction of increasing values among
sites. Axis 1 and axis 2 explained 12.0% and 1.2% of the
variance in the invertebrate communities, respectively.
showed that fish alone (P 5 0.003) explained four
times the variance relative to specific conductance
alone (P 5 0.010, Figure 2A).
RDA plots showed that most aquatic invertebrate
taxa we assessed were less abundant in wetlands with
minnows, and this trend was evident in data from both
studies (Figure 3, 4). Major groups of crustaceans and
aquatic insects, including Ceriodaphnia, Daphnia,
Simocephalus, Chydoridae, Calanoida, Odonata, Tri-
choptera, Ephemeroptera, Chironomidae, and Chao-
borus, were less abundant where minnows were pre-
sent. Not all invertebrate taxa showed strong negative
association with fish. For example, weak, negative as-
sociations between fish and Hydrophilidae, Notonec-
tidae, Hydracarina, Hirudinea, and Physidae were ev-
ident in MN sites, while nauplii and Cyclopoida were
more abundant in MN sites with fish (Figure 3). Co-
rixidae (Tricorixa and Sigara in ND sites) were usu-
ally far more abundant in wetlands with minnows in
wetlands of both states (Figure 3, 4). In both MN and
ND sites, correlations with specific conductance were
more muted than those we observed with fish. In MN
sites, Notonectidae and Cyclopoida were positively as-
sociated and Hydrophilidae were negatively associated
with increasing specific conductance (Figure 3). In ND
sites, Erpobdellidae were negatively associated with
increasing specific conductance (Figure 4).
Water-column concentrations of TP, TN, chloro-
phyll a, water transparency, and N:P ratios for MN
and ND sites also were best explained by models in-
cluding fish presence/absence. Our MN water-quality
model using both fish and specific conductance ex-
plained the most variance (60.9%) in this suite of var-
iables (P 5 0.003). Comparison of reduced MN water-
quality models (fish only, P 5 0.003 and specific con-
ductance only, P 5 0.308) indicated that our fish-only
model explained approximately 38 times more vari-
ance in water-quality characteristics than did our mod-
el using only specific conductance (Figure 2B). Thus,
as with the MN invertebrate data, nearly all the water-
quality variance explained was contributed by fish. For
ND sites, water-quality variance explained by fish and
specific conductance was much lower than with MN
data. ND models including both fish and specific con-
ductance explained the most variance (15.7 %) in wa-
ter-quality parameters (P 5 0.003). Reduced water-
quality models for ND sites indicated that the fish-only
model (P 5 0.003) explained approximately 13 times
more variance in water-quality characteristics than did
our model using only specific conductance (P 5 0.308,
Figure 2B). RDA plots showed that presence of fish
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Figure 5. Partial redundancy analysis triplot for water-
quality data from MN sites based on fish (presence/absence)
and specific conductance as explanatory variables and time
as a covariable. Water quality vectors and the specific con-
ductance vector point in the direction of increasing values
among sites. Axis 1 and 2 explained 60.3% and 0.7% of the
variance in water-quality characteristics, respectively.
Figure 6. Partial redundancy analysis triplot for the water-
quality data from the ND sites based on fish (presence/ab-
sence) and specific conductance as explanatory variables and
time as a covariable. Water-quality vectors and the specific
conductance vector point in the direction of increasing val-
ues among sites. Axis 1 and 2 explained 7.0% and 0.5% of
the variance in water-quality characteristics, respectively.
was strongly associated with elevated water-column
chlorophyll a and turbidity in MN sites (Figure 5) and
with increasing chlorophyll a in ND sites (Figure 6).
Furthermore, N:P ratios were negatively associated
with fish presence in MN sites (Figure 5). In general,
other associations between specific conductance and
water-quality characteristics were less evident in our
data from either MN or ND.
Regional Precipitation Patterns
Several lines of evidence indicated that landscape
moisture levels were consistently elevated along the
eastern margin of the PPR during the final decade of
the 20th century. Regional (NCDC Minnesota Division
I) annual precipitation totals, along with PDSI values,
reflect a precipitation pulse during 1991–2000; this
was rivaled only by levels recorded from 1895–1909
(Figure 7A,C). Annual precipitation data from Fergus
Falls, Minnesota indicated that, since 1950, 1989–
2000 was the longest consecutive period during which
annual precipitation exceeded 50 cm (Figure 7B). At
Fergus Falls, annual precipitation totals exceeded 60
cm during 1996–2000. Peak annual discharge in the
Red River at Fargo, North Dakota also reflected this
precipitation trend. Red River discharge peaked high
consistently during 1993–2000. High peak discharge
also occurred during 1882 and 1896, but consistent,
elevated peak discharge was more evident from 1993
to 2000 (Figure 7D).
Cluster analysis based on landscape moisture data
(annual precipitation [regional and local], PDSI, and
peak discharge in the Red River) recorded from 1950–
2000 indicated that seven of the last eight years
grouped together along with seven earlier years; this
group was wetter than combinations comprised of 37
other years during the period 1950–2000 (P , 0.001;
Figure 8). Continuity of moisture on the landscape
may be more important for wetland communities than
annual wetness or extent of departure from normal pre-
cipitation in any given year. The magnitudes of annual
precipitation, PDSI, and Red River discharge de-
scribed here for the period 1991–2000 are generally
within historical ranges. Yet, these data reflect a rela-
tively uninterrupted sequence of approximately 10
years characterized by extremely moist conditions
along the eastern limits of the PPR.
DISCUSSION
Food Web Effects in Wetlands
Presence of fathead minnows was associated with
significant variance in abundance of zooplankton, nek-
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Figure 7. Summary of landscape moisture characteristics along the eastern extent of the Prairie Pothole Region. Panel A
shows annual precipitation totals for Minnesota Division I from 1985 to 2000, panel B annual precipitation for Fergus Falls,
MN, from 1950 to 2000, panel C the Palmer Drought Index for MN Division I from 1895 to 2000, and panel D annual peak
discharge in Red River at Fargo, North Dakota from 1882 to 2000.
tonic, benthic invertebrates, and several water-quality
features in our study wetlands. Jeppeson et al. (1997)
suggested that effects of fish on zooplankton, phyto-
plankton, and water transparency are especially pro-
nounced in shallow waters because 1) planktivorous
fish densities remain high year-round due to availabil-
ity of benthic prey, 2) fish populations may be main-
tained by benthic organisms but opportunistically con-
sume zooplankton when they are available, and 3) zoo-
plankton are highly vulnerable to planktivorous fish
owing to lack of depth refuge.
Our wetland analysis is unique because we simul-
taneously compared relative influences of biotic and
abiotic variables as determinants of wetland character-
istics. Presence of fathead minnows, our single surro-
gate source of biological variability, explained far bet-
ter than did specific conductance (an abiotic analogue)
observed patterns in aquatic invertebrates, TP, TN, N:
P ratios, chlorophyll a, and water clarity. This finding
is consistent with predictions of Wellborn et al. (1996),
who suggested that transition among structuring mech-
anisms best accounts for aquatic community variability
along a gradient of habitat permanence. Extension of
the Wellborn model predicts that influence of biotic
interactions (and fish predation) is amplified with in-
creasing habitat permanence. Thus, it is not surprising
that our data reflect strong influence of biotic inter-
actions relative to physical features (of basins or ad-
jacent landscapes), at least over short time periods.
The strong influence of fathead minnows in our wet-
lands is consistent with results of previous regional
studies (Hanson and Butler 1994, Hanson and Riggs
1995, Zimmer 2000, 2001a,b, 2002, 2003a) also re-
porting strong, food-web-mediated influences of fish
in shallow lakes and prairie wetlands. Specific reasons
for the functional importance of fathead minnows in
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Figure 8. Results of cluster analysis of landscape moisture
data (annual precipitation for MN Division I, annual precip-
itation at Fergus Falls, MN, the Palmer Drought Severity
Index for MN Division I, and peak annual discharge in Red
River at Fargo, ND) from the eastern portion Prairie Pothole
Region during 1950 to 2000. MRPP tests indicated that the
group of 14 years (at top), which included seven years from
1993 to 2000, was significantly wetter than other combina-
tions of years during the half-century (P , 0.001).
prairie wetlands are numerous. Fathead minnows use
both particle- and filter-feeding strategies (Hambright
and Hall 1992), thus consuming a wide variety of
aquatic invertebrates. Fathead minnow populations
show rapid growth, are highly productive, achieve
high densities, and are often dominated by YOY fish
(Payer and Scalet 1978, Zimmer et al. 2001b). Pre-
dation on invertebrates by YOY fish is especially im-
portant in lakes (Hewett and Stewart 1989, Luecke et
al. 1990), and a similar influence in wetlands is not
surprising. Finally, fathead minnows are facultative in-
vertebrate predators, typically foraging on inverte-
brates (Held and Peterka 1974) but also consuming
periphyton and detritus (Litvak and Hansell 1990,
Price et al. 1991). Consumption of detritus probably
weakens the link between abundance of invertebrates
and minnows (Polis and Strong 1996), further contrib-
uting to high minnow densities and strong, sustained
predation pressure on aquatic invertebrates. Previous
work also indicates that fathead minnows influence
abundance of both submerged macrophytes and larval
salamanders in PPR wetlands (Zimmer et al. 2002,
2003b).
Regional Gradients, Anthropogenic Activity, and
Precipitation Dynamics: Implications for Fish
Increasing precipitation along a west-east gradient
(Winter 1989) favors longer hydroperiods, greater wa-
ter depths, and increased surface connectivity for many
wetlands in the eastern portion of the PPR. These hy-
drologic characteristics, along with relatively uniform
topography, all increase the likelihood that individual
wetlands will merge intermittently with adjacent wa-
ters (Leibowitz and Vining 2003). They also help ex-
plain why wetlands along eastern and southern reaches
of the PPR concentrate fewer solutes than those in
more arid northern and western regions, a trend re-
flected in decreasing specific conductance of wetland
waters along a northwest-southeast gradient (LaBaugh
1989). This natural moisture gradient favors survival
and dispersal of wetland fish populations throughout
eastern portions of the PPR.
Natural regional patterns have been accentuated by
anthropogenic influences. Since 1900, alterations to
this landscape have been intense, and efforts continue
to increase agricultural production (Dahl 1990, Prince
1997). Approximately 3.6 million ha of PPR wetlands
have been drained in Minnesota alone, most converted
to agriculture (Minnesota Wetland Conservation Plan
1997). Temporary and seasonal wetlands were most
easily converted; thus, drainage shifted the distribution
of remaining wetland types (Miller and Nudds 1996),
increasing the relative proportion of deeper, more per-
manent basins likely to sustain fish. Surface ditching
to facilitate drainage is widespread (Prince 1997) and
provides new migration corridors among remaining
wetlands. Elimination of native grasses and other nat-
ural vegetation increases intermittent runoff (Euliss
and Mushet 1996), possibly favoring increased immi-
gration for wetland fish populations in agricultural
landscapes.
Prairie wetlands also respond dramatically to pre-
cipitation cycles typical of the region. Drier-than-av-
erage conditions following periods of wetter years
generate pronounced wet/dry oscillations with a peri-
odicity of approximately 10–20 years (Duvick and
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Figure 9. Conceptual model to illustrate relationships
among relative magnitude of biotic interactions, landscape
characteristics, and climate in prairie wetlands. We hypoth-
esize that potential influences of biotic constraints will in-
crease in association with increasing moisture availability
and surface connectivity. We also predict that precipitation
extremes will mediate increased and decreased biotic influ-
ences with wet and dry cycles, respectively, but will fluc-
tuate along a long-term average (as indicated by arrows).
Blasing 1981, Karl and Koscielny 1982, Diaz 1983,
Johnson et al. 2004). These cycles have profound but
usually short-term influences on density, diversity, and
community structure of wetland invertebrates (Bataille
and Baldassarree 1993, Euliss et al. 1999, Hershey et
al. 1999). Our analysis of historical data indicated that
precipitation fluctuations of greater amplitude also oc-
cur here. Along the eastern extent of the PPR, moisture
availability was consistently greater during the period
of 1993–2000 than during most of the previous 90
years. Data summarized by Winter and Rosenberry
(1998) indicated that the end of the 20th century may
have been the wettest period during the past 130 or
even 500 years in east-central North Dakota. High-
moisture episodes have potential to influence prairie
wetland communities by increasing wetland depth, hy-
droperiods, and surface connectivity (Leibowitz and
Vining 2003, Johnson et al. 2004). Important variation
in wetland communities is induced by precipitation ex-
tremes, natural moisture gradients, and surface con-
nectivity, and we hypothesize that some of this vari-
ability results from fish predation and other biotic in-
teractions (Figure 9). In our specific example, we ob-
served responses to fish in wetlands along the eastern
margins of the PPR. We expect less influence of fish
and food-web-mediated interactions during extreme
drought, with greater isolation, and in landscape set-
tings where physical-chemical characteristics have a
stronger influence on wetland community structure
(Figure 9).
Significance of Biotic Constraints: The Need For
Broader Paradigms
Euliss et al. (2004) suggested that influences of
landscape, ground water, and moisture availability es-
tablish physical and chemical boundaries for prairie
wetland characteristics and communities. This and pre-
vious accounts have clarified roles of geology, hy-
drology, and climate as major determinants of wetland
community structure throughout the PPR (Kantrud et
al. 1989a,b, Swanson and Duebbert 1989, Winter
1989, Euliss et al. 1999). Our data from semi-perma-
nent and permanent wetlands illustrate potential influ-
ences of biotic interactions within physical and chem-
ical limits imposed by climate and geomorphic setting.
We believe that the specific roles of wetland fishes and
the broader consequences of species interactions and
other biotic constraints are not yet sufficiently inte-
grated in major paradigms used to explain community
patterns and characteristics of prairie wetlands. Data
presented here highlighted roles of planktivorous fish.
However, other biotic interactions including competi-
tion, predation by amphibians, birds, and invertebrates,
community succession, and distribution of pathogenic
organisms also may influence prairie wetland charac-
teristics and communities, even in landscapes where
wetlands do not support fish. A curious finding in our
data was that fish presence was associated with far
more variance in wetland characteristics in MN rela-
tive to ND sites. This would be expected if biotic in-
teractions exert greater influence in landscapes with
increasing precipitation and surface connectivity (Fig-
ure 9). It is also possible that these differences may
reflect variation in sampling protocols and analyses be-
tween MN and ND sites.
We believe that researchers and managers should
consider implications of trophic interactions, influenc-
es of wetland fishes and amphibians, and other biolog-
ical factors in development of study designs and man-
agement protocols for prairie wetlands. We hypothe-
size that 1) ecological influences of fish in wetlands
increase from northwest to southeast across the PPR,
2) proportion of wetlands with fish fluctuates with pre-
cipitation cycles, and 3) wetland fish occur in a greater
proportion of wetlands in regions where surface con-
nectivity (and anthropogenic alterations) of landscapes
are more extensive. We encourage investigators to test
these notions and to explore models that better inte-
grate biotic influences with hydrogeomorphic condi-
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tions in their efforts to explain community patterns and
variability in prairie wetlands.
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